We examined the effects of motor-nerve stimulation on the intracellular Ca2+ levels of Schwann cells, the glial cells at the frog neuromuscular junction. Schwann cells, which were loaded with the fluorescent Ca2+ indicator fluo-3 and examined by confocal microscopy, showed a transient increase in free Ca2+ within a few seconds of the onset of tetanic stimulation of the motor nerve. The Ca2+ response was specific to the synapse in that it was found in the terminal Schwann cells at the junction but not in the myelinating Schwann cells along the axon. The Ca2+ transients occurred in the presence of d-tubocurare, indicating that they were not mediated by nicotinic acetylcholine receptors and recurred when the stimulus was repeated. The Ca2+ response persisted after degeneration of the postsynaptic muscle fiber, demonstrating that the terminal Schwann cell was stimulated directly by presynaptic activity. The finding that te nal Schwann cells at the neuromuscular junction respond to presynaptic activity suggests that glial-cell function is modulated by synaptic tranmission.
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At a chemical synapse, activity in the presynaptic cell causes the release of a neurotransmitter that diffuses across an extracellular gap and generates a response in the postsynaptic cell (1) . Glial cells, which are intimately associated with the presynaptic neuron, have been considered passive support cells uninvolved in synaptic transmission because they do not conduct action potentials. Recent studies demonstrating the presence of voltage-gated ion channels and neurotransmitter receptors in gial cells (for review, see ref.
2) have raised the possibility that these cells may be more than passive bystanders. The most direct evidence to date that glial cells are activated by synaptic transmission has been reported by Dani et al. (3) , who have shown that stimulation of neural afferents can trigger actively propagating waves of intracellular Ca2+ through networks of astrocytes in cultured hippocampal slices.
Here we examine Ca2+ fluctuations within terminal Schwann cells, the glial cell at vertebrate neuromuscular junctions. At the frog neuromuscular junction, the nerve terminal arborizes into long, finger-like projections that form synaptic contacts in shallow gutters on the muscle surface. A thin process of terminal Schwann cell tightly caps the entire length of the nerve terminal and has periodic projections that extend around the terminal into the synaptic cleft (4) . Along most of the length of the terminal arborization, this thin layer of terminal Schwann cell (0.06-0.3 pum, data not shown) is indistinguishable from the nerve terminal by light microscopy. However, at the level of the Schwann cell soma, the nerve terminal remains, on average, 1-2 ,m across, while the Schwann cell widens to 4-8 Am across and, thus, is easily identifiable by using Nomarski (4) or fluorescence optics.
Our studies were done on the cutaneous pectoris muscle of the frog, where it is possible to remove the postsynaptic muscle fibers while leaving the presynaptic-nerve terminals and their Schwann cells intact (5) . Thus, we could study the interactions between the nerve terminal and the Schwann cell independent of the muscle. Using this preparation, we were able to elicit Ca2+ transients within terminal Schwann cells by electrical stimulation ofthe motor nerve. We confirmed these results at intact neuromuscularjunctions where Jahromi et al. (6) have recently reported similar findings. Here we demonstrate that terminal Schwann cells in acutely isolated tissue directly respond to neuronal activity and that this response is independent of the postsynaptic muscle.
MATERIALS AND METHODS
Intact Muscles. Observations were made at neuromuscular junctions ofacutely isolated cutaneous pectoris muscles from adult male frogs, Rana pipiens.
Innervated Sheaths. Most experiments were conducted on a specialized presynaptic preparation ofthe frog neuromuscular junction. The cutaneous pectoris muscle was surgically damaged according to the procedures of Yao (5) . Briefly, the muscle was exposed in the chest region ofan anesthetized frog and viewed under a dissecting microscope so that the axonal arborization pattern was visible. Extrajunctional regions ofthe muscle were removed by cutting within 0.5-1 mm of the axonal branches without damaging the fine nerve processes. This procedure causes complete degeneration of the muscle fibers, thereby producing an innervated basal lamina sheath that consists of the nerve terminals, their terminal Schwann cells, and the basal lamina in the synaptic region. Regeneration of muscle fibers was prevented by x-irradiating frogs with a Philips 250-kV 15-mA x-ray unit [0.35-mm Cu filter, total dose per day equaled 3900 rads (1 rad = 0.01 Gy)] for 3-5 days after surgical damage. Degeneration of muscle fibers was generally complete within 2-3 weeks; preparations were used 3-8 weeks after damage. Some innervated sheaths exhibited regeneration of a few muscle fibers. For these preparations and for intact neuromuscular junctions, 10 x 10-6 M d-tubocurare was added to the Ringer's solution during stimulation trials to eliminate movement artifacts.
The nerve terminals and Schwann cells in these innervated sheaths have normal structure, as determined by scanning and transmission electron microscopy (5). In addition, the nerve terminals are functional, in that tetanic stimulation of the motor nerve increases intracellular Ca2+ (see Fig. 1 Image Acqulistion. Images were acquired at a rate of one frame every 2 sec by using a modified Bio-Rad MRC-500 confocal laser microscope (488-nm excitation wavelength) equipped with an Olympus DApo4OUV objective lens (numerical aperature, 1.3). Images were recorded by using a Panasonic TQ-2028F optical memory disc recorder. After recording a baseline of 30-40 sec in the resting state, the motor nerve was stimulated electrically at 50 Hz (1 msec, 0.5 mA; WPI Isostim A320) for 10-20 sec with a suction electrode.
Image Processing. To improve the signal/noise ratio in static fluorescence micrographs, three to five consecutive frames were averaged. To examine the change in fluorescence of given structures over time, rectangular subareas were selected, the average fluorescence value of each area was calculated in each frame, and the mean background Electron Microscopy. Tissue was processed for electron microscopy, as described (8) such a Ca2+ transient in an innervated sheath preparation is illustrated in Fig. 1 , where the increase in free Ca2+ is indicated by an increase in brightness of the fluorescence image. To examine the timing of the Ca2+ transient, the mean fluorescence ofthe subareas indicated in Fig. 1C was graphed vs. time (Fig. 1D) . The resting fluorescence (before stimulation) was stable, and stimulation of the motor nerve did not affect the fluorescence levels of the background (box 4) or of the axon/myelinating Schwann cell (box 1). Under our recording regime, the fluorescence ofthe nerve-terminal region (box 3) increased simultaneously with stimulus onset and did not return to baseline during the recorded recovery period (40 sec). These kinetics are consistent with reports of residual calcium within motor nerve terminals after tetanic stimulation (9, 10) . After a latent period (-8 sec in this example) fluorescence of the terminal Schwann cell soma region increased (box 2). The rising phase of this particular transient was fairly slow (several seconds), and the response reached a peak fluorescence increase of 1.6-fold -20 sec after onset of the stimulation. The latency and magnitude of the Schwann cell response varied significantly for different terminal Schwann cells; the latency ranged from 2 sec to 20 sec, and the magnitude ranged from 1.3-to 7-fold (21 cells, 35 observations). Occasionally, an exceptionally bright nerve-terminal response generated a detectable signal within a " Schwann cell-dominated region"-a small fast transient preceding the larger, slower response. In such cases, subareas were selected over portions of the Schwann cell soma that excluded the nerve terminal. We were unable to detect any fluorescence increases in nerve-terminal-dominated regions (for example, The cells that exhibited Ca2+ transients in this study were classified as terminal Schwann cells based on their morphology as seen by Nomarski and fluorescence imaging. However, examination by light microscopy could not rule out the possibility that these presumed Schwann cells might, instead, be stray satellite cells that might have survived the irradiation protocol and migrated to a synaptic site or abnormal enlargements of the nerve terminal in these innervated sheath preparations. To verify that the responsive cells were indeed Schwann cells, two of the cells that exhibited Ca2+ transients upon motor-nerve stimulation were relocated in electron micrographs. Fig. 2A is a graph of two sequential Ca2+ transients from one of these cells (Fig. 2B, boxed cell) . The same cell was relocated in the whole-mount preparation after fixation (Fig. 2C, arrow ). An electron micrograph of a cross-section through the soma of the cell shown in Fig. 2 B and C is shown in Fig. 2D . The vesicle-filled nerve terminal (small arrow) and the basal lamina fingers (arrowheads) identify this as a synaptic site (11) . The cell that exhibited the Ca2+ transients (large arrow) has enveloped the nerve terminal in this section; its intimate association with the terminal (Fig. 3 A and B; Fig. 4) , although the first transient was not always the largest (Figs. 3B and 4) . Individual Schwann cells showed a large variation in latencies during multiple stimulation trials (see Figs. 3A and 4) . Finally, two Schwann cells imaged simultaneously at the same neuromuscular junction (compare Fig. 3 A and B) can respond to the same stimuli with different timing and different relative magnitudes. The Schwann cell in Fig. 3A responded earlier than the one in Fig. 3B , and the first stimulus produced the largest response from the Schwann cell in Fig. 3A , whereas the response to the second stimulus was largest in Fig. 3B .
To exclude the possibility that the Schwann cell Ca2+ transients are a peculiarity of this innervated sheath preparation, we examined Ca2+ levels at intact neuromuscular junctions labeled the same way. d-Tubocurare was present during stimulation to prevent muscle contraction. (Fig. 4) One clue as to the nature of the signal is that the Ca2+ transients in our system are specific to the synapse: the terminal Schwann cells respond, and the myelinating Schwann cells along the axon do not (see Fig. 1C, box 1) . Thus, the signal may be a molecule released specifically by active motor-nerve terminals. An obvious candidate is the neurotransmitter acetylcholine, by analogy to studies from the central nervous system, suggesting that the excitatory neurotransmitter glutamate induces Cae+ signals in central glial cells (12) (13) (14) (15) . If the neuronal signal to the terminal Schwann cell is acetylcholine, however, the receptor would most likely be of the muscarinic type, because the Ca2+ response occurs in the presence of curare (see Fig. 4 At this point in our studies, we can only speculate as to possible functions ofthe Schwann cell Ca2+ transients. At the frog neuromuscular junction, the synaptic delay between the depolarization of the nerve terminal and that of the muscle fiber is <1 msec (25) . We found that the latency between the Ca2+ transient within the nerve terminal and the Ca2+ transient within the terminal Schwann cell was relatively long (2-20 sec). Thus, the Ca2+ transient within the Schwann cell is too slow to be involved in the initial transmission between the nerve terminal and the muscle fiber. It may be that the Schwann cell Ca2+ signals are involved with the development and/or maintenance of normal terminal/Schwann cell relations. For example, the absence of the Schwann cell Ca2+ transient could signal the Schwann cell to exhibit the phagocytic activity seen at denervated junctions (26, 27) . Alternatively, these Ca2+ transients could mediate some modulatory activity of the Schwann cells on synaptic function. Intracellular Ca2+ signals commonly regulate cellular function (28) , and neuromodulatory roles have been previously postulated for other glial cells (2) .
The observations reported here reinforce earlier suggestions (2, 29, 30 ) that a full understanding of synaptic transmission may not be achieved until glial cells are recognized as active components of the synapse. In light of this, we propose designating the Ca2+ response ofthe terminal Schwann cell as a "perisynaptic response," parallel to, but distinct from, the postsynaptic response of the muscle. The functional role of such a perisynaptic response in synaptic transmission remains as a subject for future studies. The amphibian neuromuscular junction should prove to be an ideal system for assessing the function of glial Ca2+ signals, given the ease with which identified pre-and postsynaptic components can be manipulated and the extensive literature detailing the morphology, physiology, and pharmacology of this junction.
